Hydrostatic pressure initiated germination of bacterial spores in nutrientfree media. Those spores which were most dormant towards chemical germinants at I atmosphere pressure were also the most resistant to germination by pressure treatment. Germination by high pressure treatment was characterized by temperature and pH optima, like germination at atmospheric pressure. Germination initiated by pressure was inhibited by metabolic poisons and was potentiated by low concentrations of various nutrients including some of those which are normally germinative (at higher concentrations) at atmospheric pressure. In particular, L-alanine and closely related a-amino acids, but not their breakdown products, potentiated germination initiated by pressure. Study of potentiation by D-alanine (which strongly inhibits germination initiated by L-alanine at I atmosphere pressure) revealed that high pressures caused an increase in the rate of racemization of alanine by spores. Germination by pressure probably resulted from acceleration of some germination reaction which is normally negligibly slow at a pressure of I atmosphere, and also from an increase in permeability of some barrier within the spore to L-alanine and related a-amino acids.
Initiation of Germination of Bacterial
Hydrostatic pressure initiated germination of bacterial spores in nutrientfree media. Those spores which were most dormant towards chemical germinants at I atmosphere pressure were also the most resistant to germination by pressure treatment. Germination by high pressure treatment was characterized by temperature and pH optima, like germination at atmospheric pressure. Germination initiated by pressure was inhibited by metabolic poisons and was potentiated by low concentrations of various nutrients including some of those which are normally germinative (at higher concentrations) at atmospheric pressure. In particular, L-alanine and closely related a-amino acids, but not their breakdown products, potentiated germination initiated by pressure. Study of potentiation by D-alanine (which strongly inhibits germination initiated by L-alanine at I atmosphere pressure) revealed that high pressures caused an increase in the rate of racemization of alanine by spores. Germination by pressure probably resulted from acceleration of some germination reaction which is normally negligibly slow at a pressure of I atmosphere, and also from an increase in permeability of some barrier within the spore to L-alanine and related a-amino acids.
I N T R O D U C T I O N
Inactivation of bacterial spores by hydrostatic pressures, unlike the inactivation of vegetative bacteria, occurred in two stages (Clouston & Wills, 1969; Sale, Gould & Hamilton, 1970) . First, pressure caused germination of the spores, and then it inactivated the germinated forms. However, pressures of only a few hundred atmospheres could still cause germination, but were too low to inactivate the resulting germinated forms. The overall effect of such pressures was therefore solely to cause germination, i.e. heat-sensitization of the spores, optical, structural and chemical changes which normally occur during germination. Study of environmental factors showed that pressure inactivation of spores was strongly influenced by temperature, and less strongly by pH value, water activity and ionic strength.
Pressure germination is of interest as a potential step in preservation procedures aimed at eliminating spores from perishable materials. It is also worth studying as a novel initiator of germination, because the way in which spore germination is initiated by any germinant system is not yet understood.
Germination and inactivation of spores of Bacilluspumilis by pressures up to 1700 atmospheres (atm.) was originally described by Clouston & Wills (1969) . The present paper is concerned with the germinant action of hydrostatic pressure on spores of
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various Bacillus anti Clostridium species, and in particular describes the strongly synergistic effect of pressure with some of the more often studied 'physiological' germinants. The pressure range was limited to 1000 atm. when we found that the synergistic effect disappeared at higher pressures.
METHODS
Organisms and production of spores. Bacillus subtilis MARBURG ATCC 605 I , B. brevis ~~~~7 5 7 7
and B. pullnilis s3 (laboratory isolate) were grown at 37" on the surface of potato, glucose, yeas t-extract agar. Procedures for recovery and ' cleaning' of spores were as described previously (Sale et al. 1970) . Suspensions were stored at 4", in water, and were activated by heating (70°, 30 min.) before use unless stated otherwise in Results.
Pressure treatment. Preparation of samples and the method of application of pressure were as described by Sale et al. (1970) . Pressures up to 600 atm. were generated directly by an electrically driven hydraulic pump connected by a pipe to the vessel in which the sample sachets were treated. The vessel was immersed in a water bath for control of temperature. The pressure was measured by a Bourdon tube pressure gauge.
Measurement of germination. Spores for germination studies were suspended at a concentration of about Ios/ml. in 0-1 M-sodium phosphate buffer (pH 8.0) unless stated otherwise in R.esults. Germination was measured in three ways. (I) The optical density (o.D.) of suspensions was measured using an absorptiometer ('Biochem' ; Hilger & Watts Ltd., Camden Road, London), fitted with a 580 mp peak transmission filter; germination was accompanied by a fall in O.D. ( 2 ) Samples were examined microscopically using phase contrast optics, when ungerminated spores appeared bright and germinated spores appeared dark. About 250 spores were examined from each sample and thle percentage germination recorded. These two methods were insensitive when the amount of germination exceeded 98 % or so, in which case the third method was used. (3) Samples ( I ml.) were sealed in thin walled glass ampoules which were heated by total immersion in a water bath at 70" for 30 min. The surviving heat-resistant (i.e. ungerminated) spores were then enumerated by poured plate viable counts using nutrient agar (Oxoid).
Chemicals. 
R E S U L T S
Initiation of germination by pressure: optimum temperature and pressure The optimum temperature for initiation of spore germination differed at different pressures. As the pressure was increased, the optimum temperature for germination, as measured by phase-darkening of spores or by viable counts of heat-resistant survivors, increased also. This trend is shown in Fig. I for spores of Bacillus coagulans, B. subtilis and B. cereus.
Germination was minimal at low temperatures whatever the pressure, but at high pressures germination occurred at temperatures well above those that supported germination at I atm. pressure (e.g. at 60" and 70').
In general, those spores most dormant towards nutrient germinants at I atm. were Fig. I c) . Stimulation of pressure germination by heat activation Heat-activated spores were germinated more completely by pressure than were unheated spores (Table I) . However, germination initiated at higher pressures, i.e. above about 1000 atm., was much less influenced by activation than germination initiated at lower pressures.
.Influence of p H value on pressure germination
Pressure initiated the germination of spores optimally near neutral pH, but the optimum was much broader than for germination of spores initiated by nutrients at I atm. pressure (Fig. 2) . 
Eflect of anaerobiosis on pressure germination of aerobic spores
Spores of Bacillus coagulans could be germinated by pressure as effectively in media containing reducing agents as in aerobic media ( Table 2 ) . Germination of spores of aerobes by nutrients at I atm. is well known to be similarly unaffected by anaerobiosis.
S t i~u~a t i~~
gfpressure germination by amino acids and other compounds Germination initialed by the lower pressures (below about 1000 atm.) was markedly affected by constituents of the suspending medium (see, for example, the effect of alanine in Table 3 ). The influence of alanine decreased with rising pressure and became negligible between I ooo and 2000 atm. Following the observations that germination at such high pressures was in general relatively unaffected by changes of environment or pretreatment of the spores, the experimental pressure range was restricted to 1000 atm. maximum.
Of a variety of substances tested, amino acids were clearly the most effective potentiators of pressure germination. For example, inspection of the results summarized in 1 Suspending medium was o-I M-sodium phosphate (pH 8.0).
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percentage of phase-dark spores. Table 4 indicated that spores of Bacillus cereus could be caused to germinate at I atm. by a variety of amino acids, particularly at the higher concentration used (10 mM) and in the presence of inosine. Germination of B. cereus spores caused by pressure was similarly potentiated by a variety of amino acids. In contrast, spores of B. coagulans were much less responsive than those of B. cereus to amino acids at I atm., germinating rapidly only in L-alanine, and much less rapidly in L-a-aminobutyric acid and L-valine ; similarly, the range of amino acids potentiating germination at 200 atm. pressure was much more restricted than the range potentiating germination of spores of B. cereus. Amino acids were effective germinants at 200 atm. at concentrations well below those effective at I atm.
In general the amino acids most effective in potentiating germination by pressure were those which were also most effective as germinants, either alone or with inosine, at I atm. However, there were exceptions to this generalization, e.g. L-serine was not germinative in any of the systems tested at I atm. and yet strongly potentiated germination of spores of Bacillus cereus at 200 atm., and L-leucine, L-isoleucine and L-aspartic acid were less effective at 200 atm. than one would expect from their potentiation, with inosine, of germination at I atm.
Only in the case of alanine was the D-isomer about as effective as the L-isomer in potentiating pressure germination. Other D-isomers were relatively ineffective, even when the corresponding L-isomers were strong potentiators (e.g. cysteine, phenylalanine).
Role of alanine racemase in pressure germination
The anomalous situation, that D-alanine (which inhibits germination at I atm.) potentiated pressure germination, suggested that pressure might cause racemization to the L-form. This was so (Fig. 3) . Consequently, under pressure there was a rapid formation of L-alanine (which stimulated germination) from the inhibitory D-enantiomorph. Furthermore, rate studies showed that pressure germination was in fact initially
Incubation time (min.) potentiated more rapidly by L-than by D-alanine, although the difference was small after the first few minutes of pressurization (Fig. 4) . The hypothesis that D-alanine potentiated pressure germination via formation of L-alanine was further substantiated by using an inhibitor of alanine racemase, 0-carbamyl-D-serine (OCDS). This substance strongly antagonized the potentiating action of D-alanine (presumably by arresting racemization to L-alanine), whilst increasing the potentiating action of L-alanine (presumably by arresting racemization to malanine) ( Table 5 ). Interestingly, with the exception of phenylalanine, OCDS had little effect on the potentiation of pressure germination by other amino acids, suggesting that alanine was not involved as an intermediate in these instances ( Table 5) .
Stimulation of pressure germination by ribosides and related compounds Ribosides, which are strong potentiators of the germination of spores of certain species initiated by amino acids at I atm., were much less effective than amino acids as potentiators of germination under pressure (Table 6 ). Of the ribosides tested inosine (which is the most effective riboside germinant at I atm.) most strongly potentiated the germination of spores of Bacillus cereus caused by pressure. Of the other ribosides, adenosine, guanosine and deoxyinosine caused weak potentiation ; these three were also weakly active as germinants at I atm. (i.e. when used at higher concentrations than in Table 6 ).
The ribosides, which do not germinate Bacillus coagulans spores at I atm., did not potentiate the germination by pressure either.
None of the possible metabolites tested, which could be formed more or less directly by breakdown of iiiosine or alanine, was a potentiatof of germination caused by pressure. Inhibition of pressure germination In addition to low temperatures (Table 3 ) and extreme pH values (Fig. 2 ) , pressure germination was inhibited by various metabolic poisons and antimetabolites known to inhibit germination at I atm. (Table 7) . Further experiments showed that, just as the potentiators (e.g . amino acids, above) became less effective in accelerating germination, so the various inhibitors became less effective in preventing germination as the pressure employed was increased.
D I S C U S S I O N
The fact that inhibitors of germination initiated by nutrients (octyl alcohol, mercuric chloride etc. ; Table 7 ) also inhibited the germination initiated by pressure, suggested that pressure caused germination via some enzyme reaction(s) rather than by simple physical distortion of the spore (e.g. 'mechanical germination'; Rode & Foster, 1960). 
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The following riboside and amino acid breakdown products and related metabolites were inactive:
hypoxanthine, D-ribose, D-ribose 5-phosphate, 3-phosphoglycerate, 2-phosphoglycerate, pyruvate, ammonium (sulphate), nicotinamide adenine dinucleotide and nicotinamide adenine dinucleotide phosphate (oxidized and reduced forms), formate, acetate, acetyl phosphate, acetyl coenzyme A, coenzyme A, citrate, succinate, phosphopyruvate, adenosine diphosphate and adenosine triphosphate.
Concentrations were I mM for B. coagulans spores.
Unlike pressure on gaseous systems, hydrostatic pressure of the magnitude used here causes little compression of the liquid (water is compressed less than 4 % at 1000 atm.)
and therefore results in negligible changes in concentrations of solutes. Furthermore, the effectiveness of relatively low pressures (i.e. below 1000 atm.) in causing germination of certain spores suggested that pressure was not acting by causing denaturation of proteins or other macromolecules : such changes characteristically become pronounced at pressures well in excess of 1000 atm., and particularly at elevated temperatures. In fact a high proportion of spores survived pressures as high as 8000 atm. at room temperature (Sale et al. 1970 ). Laidler (1951 showed that at high temperatures the dominant effect of pressure on biological materials was on equilibria between natural and denatured forms of enzymes, whereas at lower temperatures the principal effect was on the rates of enzyme-substrate reactions. Pressures of the order of hundreds of atmospheres, at relatively low temperatures, usually affect the rates of reactions in which reactants and products have different molecular volumes. Such an effect on a germination reaction which normally has a negligible rate at I atm. could account, for the germinative action of pressure, and also for the observed pH and temperature optima and the effects of metabolic inhibitors. Similar situations are known in biological systems other than spores. Hydrolysis of L-tyrosine ethyl ester by chymotrypsin (Werbin & McLaren, 195 I a) and of L-arginyl methyl ester by trypsin (Werbin & McLareri, I 95 I b) was accelerated by pressure at moderate temperatures (25' to 55') : the rate of lysis of Micrococcus Zysodeikticus by lysozyme was increased by moderate pressure (Douglas & Johnson, 1951) : in a more complex situation, high pressure (6500 atm. at 35") caused an increase in ATP levels in human amnion cells, presumably by stimulating some ATP-generating reaction(s) (Landau & Peabody, Nevertheless, the reduction in the degree of germination which occurred below about 40° as the pressure was increased above the optimum of 4000 atm. (Sale et al. 1970 ) is less easily explained, unless one postulates that at these higher pressures the conformation of a critical germination enzyme was so changed as to inhibit reversibly the germination reaction.
An alternative explanation of pressure germination was suggested by the observation that pressure accelerated the racemization of alanine catalysed by spores (Fig. 3) . Racemization of alanine does not involve a net change in molecular volume of reactants and products, therefore the reaction rate should not be affected by pressure solely by mass action. The observed acceleration by pressure must have some other cause: for instance, a conformational change in the racemase molecule, leading to more rapid action, or (since whole spores were used as the racemase in these experiments) some change in permeability of spores to the substrate alanine could have allowed more rapid racemization. Pressure has been shown to reduce the stereospecificity of an enzyme reaction, for example the hydrolysis of methyl esters of benzoyl L-and D-alanine by a-chymotrypsin (Gonikberg, Prokhorova & El'yanov, I 968) . Major conformational changes are not likely below 1000 atm., thus it is more likely that the lower pressures acted by increasing the permeability of spores. The observed synergism of pressure with low levels of various amino acids can be explained on this basis, i.e. if pressure increased the permeability of spores to these germinative compounds.
Interestingly, pressure influenced the germination initiated by amino acids much more than by ribosides. If a permeability change is the correct explanation of pressure germination, it follows that germination at I atm. is normally severely restricted by the low permeability of spores to the germinative a-amino acid, which seems to be an essential endogenous germinant even for those spores which may be caused to germinate by addition of ribosides alone (Black & Gerhardt, 1961; Warren & Could, 1968) . Synergism of ribosides, like inosine, with amino acids as germinants for spores of many aerobic species (Hills, 1949; Foerster & Foster, 1966) would suggest that the riboside may function, like pressure, to increase spore permeability to the amino acid as summarized in Fig. 5 . At present, the 'germination site' within the spore remains unrecognized, but may be analogous to the allosteric site postulated by Woese, Vary & Halvorson (I 968) .
